Single-atom catalysts, especially with single Pt atoms, exhibit potentially improved catalytic activity as compared to metal clusters and metal surfaces. Here, the atop and bridged bondings of the CO molecule on the Pt/C system are studied. Vibrational frequencies, Mulliken populations, charge transfer, charge density differences and density of states are examined to determine the influence of the carbon support on electronic properties and catalytic activity of the Pt adatom and dimer. Comparing orbital populations and the amount of electron transfer to/from the CO molecule show that the net amount of electron transfer to the anti-bonding 2π * orbitals of the CO molecule is higher for the supported Pt dimer than for the substrate-free Pt dimer which leads to a lower vibrational frequency and a larger C−O bond distance. The hybridization between the π orbitals of the polycyclic aromatic hydrocarbons surface and the d orbitals of the Pt adatoms is responsible for enhancing the back donation of electrons to the 2π * orbitals of the CO molecule which results in a larger peak below the Fermi level for the 2π * states of the CO molecule in the corresponding density of state analysis. Therefore, it can be concluded that the carbon support significantly enhances the catalytic activity of the Pt atoms in contact with the surface for activating the CO molecule. The calculated C−O vibrational stretching frequencies provide valuable guidance for experiments considering the use of atom-type catalyst as building blocks for designing new catalysts.
Introduction
Platinum is the most efficient catalyst for oxidation and reduction reactions in direct methanol fuel cells. 1, 2 The key barriers to commercialization of Pt-based fuel cells are the high price and the poor utilization efficiency of the Pt catalyst loading per unit area. Typical loadings in platinum black catalysts are about 25 mg Pt/cm 2 . 3 A way to reduce the metal requirement is to move from platinum black to carbon-supported platinum (Pt/C) catalysts 3 with loadings of about 0.4−0.8 mg Pt/cm 2 . Hence, it is desirable to reduce the size of Pt particles even to a single atom, which usually exhibit a higher surface area. Single atom catalysts, by providing single active sites at the solid surface, exhibit many fascinating characteristics, such as high activity, selectivity, and maximum atomic utilization as compared to conventional metal catalysts. [4] [5] [6] In a Pt/C catalyst, the carbon support plays an important role in determining the size and degree of catalyst dispersion. Due to high surface-to-volume ratio (theoretical value of 2630 m 2 /g), graphene is a promising candidate as a substrate for stabilizing metal nanoparticles in heterogeneous catalysis. 7, 8 Progress in experimental techniques has made it possible to study the properties of graphene-supported metal nanoparticles such as Pt, Pd and Au, [9] [10] [11] [12] which may offer a new type of carbon-based metal nanocomposite for the next generation of catalysts. 9 Besides the key electrocatalytic role of the Pt catalysts in fuel cells, they have long been used as a promoter in the Fischer-Tropsch (FT) synthesis for conversion of syngas (CO + H 2 ) to liquid fuels. [13] [14] [15] The Pt promoters increase the overall FT activity by increasing the reducibility of cobalt oxides, and therefore increases the availability of active metal sites. 13, 14 Interfaces between transition metals (TM) and graphene have been investigated extensively by several theoretical and experimental techniques. [16] [17] [18] [19] [20] [21] [22] Müller et al. investigated a single Pt atom, Pt dimers and trimers on highly oriented pyrolytic graphite using a scanning tunneling microscope (STM) in air. 21 The Pt particles were produced by evaporation of platinum onto the surface and the position of the Pt atoms were stable, without changes for many scans. By using the atomic layer deposition technique, Sun et al. showed that the single Pt atoms and small clusters have significantly higher catalytic activity (up to 10 times) for methanol oxidation and superior CO tolerance compared to commercial Pt/C catalysts. 4 Based on density functional theory (DFT), Wang et al. examined the interface between graphene and Pd/Pt surfaces and explained the different behavior between Pd/graphene and Pt/graphene interfaces. 22 Chan et al. investigated the adsorption of 12 different metal adatoms on graphene surface by using DFT. The interaction between groups I-III adatoms and a graphene surface has been characterized as an ionic bonding while TM adatoms, noble metals, and group IV elements exhibited covalent bonding characteristics with strong hybridization of adatom and graphene electronic states. 23 More recently, we performed dispersion-corrected DFT calculations on Pt and Co adatoms and dimers on polycyclic aromatic hydrocarbons (PAHs). [16] [17] [18] We found that PAH substrates not only stabilizes the metal particles but also changes their electronic structure and can tune their catalytic activity. Hence, in this work, we consider the adsorption of the CO molecule on the substrate-free and PAH-supported Pt atom and dimer to investigate the effect of the carbon support on the catalytic activity of the Pt particles. The adsorption of the CO molecule on TMs, in particular platinum, has been studied extensively [24] [25] [26] [27] [28] [29] [30] and indeed the CO−Pt 2 system is an interesting example, as the CO binding energy of its anion has been estimated from collision-induced dissociation experiments. 31 Hence, we study the atop and bridged bondings of the CO molecule on the Pt-surface. The results are discussed based on the effect of the carbon support on the electronic properties and catalytic activity of the Pt adatom and dimer.
Computational details
All calculations were performed based on DFT with the S12g form of the generalized gradient approximation (GGA) proposed by Swart 32 and implemented in the Amsterdam Density Functional (ADF) package. 33, 34 This functional is the successor of the Swart-Solà-Bickelhaupt (SSB-D) functional, 35, 36 and it includes Grimme's D3 dispersion correction. 37 Its performance for spin states of transition metal complexes is well documented. 18, 32, 38 The relativistic effects are taken into account at the all-electron level with the zero-orderregular approximation (ZORA) approach. [39] [40] [41] [42] [43] [44] The molecular orbitals (MOs) were expanded in an uncontracted set of Slater-type orbitals (STO), based on a basis set study. This computational approach has been successful to describe the Pt/C and Co/C interactions. [16] [17] [18] The calculations were carried out using a polycyclic aromatic hydrocarbon (PAH) molecule as a representative example for modelling a real graphene material, since bonding to PAHs represents a model for binding to the π system relatively near defects in a real graphene material. Several PAH models were investigated in our previous work and the C 54 H 18 molecule was found to be a suitable model system. 18 For the geometry optimization, the BFGS (BroydenFletcher-Goldfarb-Shanno) algorithm 45 with a convergence criterion of 10 −6 a.u. on the energy and the charge density is used. Geometry optimization has been carried out without any constraints for the CO−Pt n (n = 1, 2) complex. For the CO−Pt n /PAH (n = 1, 2) complex, we first optimize the Pt n /PAH (n =1, 2) structure without any constraints to find the most stable geometry. Moreover, a frequency analysis was carried out to ensure that the stationary points are minima (only real harmonic vibrational frequencies). Then, we fixed the position of the Pt adatoms along the x-and y-axes, i.e., in the surface plane, and relaxing the distance along the z-axis (perpendicular to the PAH surface), and investigated the adsorption of the CO molecule on the PAH-supported Pt atom and dimers. The adsorption energy, E ads , is calculated as a measure for the strength of binding between the CO molecule and the Pt n /PAH (n = 1, 2) complex as E ads = E CO−Pt n /PAH − E Pt n /PAH − E CO (1) where E CO−Pt n /PAH , E Pt n /PAH and E CO are electronic ground state energies for the CO−Pt n /PAH system, the Pt n /PAH complex and a gas phase CO molecule, respectively. A more negative value of the adsorption energy indicates a stronger binding of the CO molecule to the Pt n /PAH complex. In addition, we examined the binding energy, E b , of the CO molecule with the Pt atom and dimer using
where E CO−Pt n and E Pt n are electronic ground state energies for the CO−Pt n complex and Pt n , respectively. The basis-set superposition error (BSSE) was included using the counterpoise method. 46 A zeropoint vibrational energy correction has not been considered in this work. Also no entropy effects are included in this work. The spin state is denoted with the spin multiplicity, 2S + 1, which for example is 1 for a singlet state and 3 for a triplet state. The degree of spin contamination for a spin-unrestricted calculation is checked by evaluation of < S 2 >, which ideally should be S(S + 1) and thereby 0.00 for a singlet state and 2.00 for a triplet state. The Mulliken population analysis 47, 48 and the projected density of states analysis 49 were carried out to understand the interactions between the CO molecule and the substrate-free and supported Pt atom and dimer. The charge density difference (CDD) is calculated to illustrate how the charge density changes upon adsorption of the CO molecule and also illustrate the contribution of the PAH surface to the adsorption of the CO molecule.
The Hirshfeld charge analysis 50,51 is used to assign partial charges. This method is evaluated by numerical integration in ADF, and appear to be reliable and not very sensitive to the basis set, 33 as compared to for example Mulliken charges.
Results and Discussions
Basis set study
To select a proper basis set to describe our system, we did a basis set study using five different basis sets (TZP, TZ2P/TZ2P.4f, TZ2P, TZ2P/QZ4P and QZ4) and the S12g functional on the Pt/ovalene (C 32 H 14 ) complex. In the mixed X/Y basis set, the X basis is used for the C, O and H atoms and the Y basis is used for the Pt atoms. The ovalene molecule has been successfully used as a graphene model in previous studies [52] [53] [54] and here it only used for the basis set study and the C 54 H 18 molecule has been used in the rest of our calculation. As shown in Figure 1 , the CO adsorption energy is converged to nearly the same value for the mixed TZ2P/QZ4P and QZ4P basis sets. The BSSE is also checked, and comparing to the adsorption energy, it is small (0.11 eV) for both the QZ4P and the mixed TZ2P/QZ4P basis sets. Therefore, to save the computational time, we selected the mixed TZ2P/QZ4P basis for our calculations, where the QZ4P basis set 55 with quadruple-ζ quality and four sets of polarization functions, is used for describing the Pt atom, and the TZ2P basis set 55 with triple-ζ quality and two sets of polarization functions, is used to describe the C, O and the H atoms. The 1s electrons are kept frozen for the C atoms to speed up the calculations without affecting the accuracy of the results. Figure 1 The CO adsorption energies with and without the BSSE correction for the Pt/ovalene complex with different basis sets. In the mixed X/Y basis set, the X basis is for the C, O and H atoms and the Y basis is for the Pt atoms. In the TZP and TZ2P basis sets, the 1s electrons are kept frozen for the C atoms.
CO interaction with Pt atom and dimer
In this section the structural, energetic and vibrational characteristics of the CO molecule interacting with the Pt atom and dimer, respectively, are investigated. The results are also compared to experimental and previous theoretical data on the CO molecule and the CO−Pt complexes to validate how well our calculations estimate the electronic and structural characteristics of these complexes, and also serves as a reference when we discuss the effect of the carbon support on the catalytic activity. Binding of a CO molecule to a metallic surface, in particular Pt, has been studied extensively by a variety of theoretical approaches [56] [57] [58] [59] [60] and it is usually discussed using the Dewar-Chatt-Duncanson model. [61] [62] [63] [64] The main characteristics of this model are a charge transfer from the lone-pair (5σ ) orbital of the CO molecule to the 5d orbitals of the Pt atom (σ donation) and a back donation of electron density from the 5d orbitals of the Pt atom to the antibonding 2π * orbitals of the CO molecule, 65 which is in agreement with photoelectron spectroscopy experiments. 66 The effects of the σ donation and π back donation interactions most often lead to a weakening of the C−O bond and consequently to a lowering or red-shifting of the carbonyl stretching frequency. However, electrostatic interactions can also provide interesting additional effects in ionized systems. [67] [68] [69] [70] [71] Bauschlicher et al. pointed out some of the subtleties in σ donation versus electrostatic effects, and discussed how their contributions change for different systems. 69 They discuss that metal-carbonyl bonding involves a complex synergism between σ donation, electrostatic effects, and π back-bonding, but the relative importance of their contributions changes from system to system. For example, in the metal-carbonyl cations, the π back-bonding is, in general, much smaller than for the neutral species. Molecular orbital analysis shows that both the highest occupied molecular orbitals (HOMO), 5σ , and the lowest unoccupied molecular orbitals (LUMO), 2π * , of the CO molecule are localized mainly around the C atom (Figure 2a ), indicating that the CO molecule favours to bind to the metal clusters at the carbon atom. We also tried to calculate interactions at the O atom, but the CO molecule changes its direction and returns to the minimum with the C atom interacting with Pt atom. Hence, we investigate the adsorption of the CO molecule on the Pt atom and dimer at the C atom. Furthermore, according to the CO dipole moment which point from carbon (the negative end) to oxygen (the positive end), we expect a small attraction or repulsion between the 5σ orbitals of the CO molecule and the partial charges appearing on the Pt/C system. However, the CO dipole moment is quite small and the polarity of the CO molecule may reverse when it act as a ligand, depending on the structure of the coordination complex. 70 For the CO−Pt complex, the initial structure is linear and as given in Table 1 , two spin-multiplicities were examined. The singlet state is found to be the ground state with a binding energy of −3.60 eV. This value is in close agreement with the binding energy of 3.32±0.52 eV determined using collisioninduced dissociation experiment. 31 The triplet state is higher in energy by −1.51 eV, and its structure deviates from a linear structure by 12 • . The bond distance of Pt−C is calculated to 1.75Å, which is shorter than for the triplet state by 0.15Å. For the gas phase CO molecule, the bond distance, vibrational stretching frequency (ν CO ) and the dipole moment are calculated to In case of the CO−Pt 2 complex, two different structures were studied: linear (atop) and bridged structures. We find a bent structure for the atop structure in both the singlet and triplet states, which is in agreement with another theoretical study. 57 For both the atop and bridged structures, the singlet state is found to be the ground state with the triplet state higher in energy. The CO binding energy for the ground state of the bridge structure is calculated to −3.04 eV which is more stable than for the atop structure by 0.79 eV. This is in agreement with previous ab initio results. 76, [78] [79] [80] Multireference singles and doubles configuration interaction (MRSDCI) calculations resulted in that the bridge structure is about 0.98 eV stronger than the atop structure. 76 Collision-induced dissociation experiments also showed that the bridge structure is the most stable structure for the CO−Pt 2 anion. 31 The dissociation energy of CO in the CO−Pt − 2 was reported to 3.58±0.67 eV. However, a variety of experimental techniques showed that at low coverages, CO is mainly chemisorbed on the atop sites of the Pt(111) surface, and at high coverage, it is chemisorbed above both atop and bridge sites of the Pt(111) surface, 75, [81] [82] [83] although the differences between Table 1 Results for the gas phase CO molecule and the CO interaction with Pt n (n = 1, 2). The relative energy (E rel , the energy relative to the lowest spin state), the CO binding energy, E b , the Pt−C bond distance, d Pt−C , the CO bond distance, d C−O , the vibrational stretching frequency of CO, ν CO , the Hirshfeld atomic charge of Pt atoms, and the calculated < S 2 > values for different spin multiplicities (2S+1) of the CO−Pt n (n = 1, 2) complexes are given. The value in parenthesis is the atomic charge related to the Pt atom that is not connected to the CO molecule in the atop structure. the atop and bridged binding energies are rather small. 75 The heat of adsorption for the CO molecule on the Pt(111) surface at low coverage (atop site) is reported 1.87±0.08 eV using single crystal adsorption calorimetry. 74 The C−O bond distance and ν CO are calculated to 1.158Å (1.186Å) and 2031.5 cm −1 (1839.8 cm −1 ) for the atop (bridge) structure, respectively. The lower ν CO for the bridge structure reflects a stronger interaction between the CO molecule and the Pt dimer and consequently a stronger back donation to the anti-bonding 2π * orbitals of the CO molecule. The Pt−C bond distance is calculated to 1.90Å and 1.80Å for the bridge and atop structures, respectively. Our results are in good agreement with previous studies and are compared with some theoretical and experimental studies in Table 1 .
The results of a Mulliken population analysis are shown in It is evident from Table 2 that after adsorption of the CO molecule on the Pt atom and dimer, the orbital population of C 2s is decreased, while the orbital population of C 2p is increased. Moreover, with respect to the oxygen population of the free CO molecule, the oxygen population in the s and p orbitals show a marginal increase, indicating a polarization of the C−O bond due to the interaction with the Pt atom and dimer. In the CO−Pt complex, there is a transfer of 0.49e from 2s orbitals of the C atom to the 5d orbitals of the Pt atom, while the 5d orbitals of the Pt atom donate only 0.38e to the 2π * orbitals of the C atom. In the case of CO−Pt 2 complex, the net transfer from the 2s orbitals of the C atom to the 5d orbitals of the Pt atoms is 0.42e (0.45e) for the atop (bridge) structure, while the back donation from the 5d orbitals of the Pt atoms to the antibonding 2π * orbitals of the C atom is 0.36e (0.46e) for the atop (bridge) structure, respectively. In the atop structure, the Pt atom participating in the bonding with the CO molecule loses more electronic density, while the other Pt atom slightly gains electronic density. However, in the bridge structure, the charge density is distributed equally on both the Pt atoms and they lose the same amount of charge density (see Table 2 ). For the bridge structure, the population of the Pt 6s orbital is considerably decreased compared to the dissociated fragments, while the Pt 5d orbital population is increased which is consistent with the bonding picture between the Pt dimer and CO molecule. As shown in Table 2 , electron charge distribution on the CO molecule is not very sensitive to the spin state under consideration for both the CO−Pt and CO−Pt 2 complexes. However charge distribution on the Pt atoms and dimers vary with the spin state under consideration. The results of Mulliken population analysis are consistent with the results from vibrational frequency analysis. For example, the smallest ν CO is calculated for the bridge structure of the CO−Pt 2 complex, where the largest amount of back donation to the 2π * orbitals of the CO molecule is calculated (Tables 1 and 2 ). The electronic density of state (DOS) is also analyzed to further investigate the nature of interaction between the CO molecule and the Pt dimer. Figure 2b shows the total density of state (TDOS) of the Pt dimer and its individual contribution from the Pt 6s and the Pt 5d states. According to these DOS plots, the s − d hybridization does play an important role in maximizing the overlap between molecular orbitals in the Pt dimer. The asymmetric distribution of the majority (spin up) and minority (spin down) spins of the 5d states are mainly responsible for spin polarization and magnetic moment of 2µB for the Pt dimer. 17 Moreover, when a CO molecule approaches the Pt dimer, the 6s occupation becomes less favorable, because of the Pauli repulsion between a diffuse 6s orbital of the Pt atom and the 5σ orbital of the CO molecule, and on the contrary the occupation of the inner shell 5d orbitals becomes more favorable due to the shielding of the Coulomb repulsion in these orbitals. Hence, the magnetic moment of the Pt dimer quenches to zero and the singlet state becomes the spin ground state of the CO−Pt 2 complex. The shift of the Pt 6s states toward higher energy in Figure 2c , which indicates less contribution to the occupied states, illustrates this phenomena. This also affects on the Pt−Pt bond distance, which increases from 2.36Å (in the Pt dimer) to 2.55Å (in the CO−Pt 2 complex), due to loosing some contributions from the Pt 6s states. The hybridization between 5d states of the Pt dimer and 2π * states of the CO molecule near the Fermi level are also illustrated in Figure 2c . The vertical red line is drawn as a guide to the eye to show the hybridization between 5d and 2π * orbitals. The energy levels of the CO molecule are significantly shifted upward due to interaction with the Pt dimer. The Fermi level of the CO molecule is shifted from −9.02 eV (before adsorption) to −5.33 eV (after adsorption). It is noteworthy that the appearance of a new peak below the Fermi level is corresponding to relocation of electrons from the 5d orbital of the Pt atom to the 2π * anti-bonding orbitals of the CO molecule.
CO adsorption on carbon-supported Pt atom and dimer
We recently studied the interaction of the Pt atom and dimer with a PAH surface on three highly symmetric adsorption sites of the PAH surface: the top site, above a carbon atom, the bridge site, between two neighboring carbon atoms, and the hollow site, surrounded by six carbon atoms, where it turns out that the bridge site is the most favorable adsorption site. 17 Therefore, in the present work we investigate the adsorption of the CO molecule on the Pt atom and dimers located at the bridge adsorption sites of the PAH molecule.
To investigate the adsorption energy of the CO molecule on the supported Pt atom, the CO molecule is located on top of the Pt adatom (Figure 3a) . After optimization, the CO molecule remains on top of the Pt adatom for the singlet state in a linear structure perpendicular to the PAH plane, whereas it is tilted out from the normal to the surface by 20 • for the triplet state. The CO adsorption energy for the singlet state is −3.63 eV, which is more stable than for CO−Pt by only 0.03 eV. The triplet state is higher in energy at −1.96 eV. The C−O bond distance for the singlet state of the CO−Pt/PAH complex is 1.162Å which is longer than for the CO−Pt complex by 0.04Å. The calculated ν CO of 2023.8 cm −1 confirm the weakening of the C−O bond due to presence of the PAH substrate. The results are shown in Table 3 . For adsorption of the CO molecule on the Pt 2 /PAH complex, we considered two different adsorption sites: linear (atop) and bridged structures. Considering two possible configurations for the Pt dimer on the PAH surface (parallel and perpendicular configurations), we have thus four configurations for adsorption of the CO molecule on the Pt 2 /PAH complex (Figures 3b−e) . The results are based on fixing the position of the Pt atoms along the xand y-axes, i.e., in the surface plane, and relaxing the distance along the z-axis (perpendicular to the PAH surface), to study different possible configurations for interaction of the CO molecule with the adsorbed Pt dimer. However, after a complete relaxation of geometry, only the configurations in Figures 3b and 3d are stable. Moreover, no imaginary frequencies for these configurations are observed indicating they are stable minima on the potential energy surface. The most stable configuration is found to be the configuration in Figure 3b , where the CO molecule is adsorbed on the bridge site of the parallel configuration of the Pt dimer. In this configuration, both the Pt atoms are in contact with the PAH surface and due to strong hybridization with the π orbitals of the PAH surface, they can both participate in charge transfer to the anti-bonding 2π * orbital of the CO molecule. Generally, the PAH support has the capacity to accept electron density from Pt clusters, 17 but it can also donate electrons when the CO molecule adsorbs to Pt atoms. In fact, the electron density surrounding metal particles has a major effect on their catalytic activity and the presence of the PAH substrate modulates the electron density. This particular feature of the PAH substrate is illustrated in the charge density difference plots, which will be discussed later. The positive partial charge on the Pt atoms (0.14e) bonded to the PAH surface results in receiving a large amount of electron density from the 5σ orbitals of the CO molecule by σ -donation, and the de-localized π electrons of the PAH support enhance the back donation to the anti-bonding 2π * orbitals of the CO molecule. The weaker ν CO of 1827.1 cm −1 reflects a stronger interaction between the CO molecule and the Pt dimer and consequently a stronger back donation. The Pt−C and C−O bond distances are calculated to 1.88 and 1.187Å, respectively. The lower CO vibrational stretching frequency and the longer C−O bond length of this configuration (Figure 3b) , in comparison to the CO binding to the substrate-free Pt dimer, also illustrates the impact of the PAH support in the adsorption of the CO molecule. Despite the fact that the configuration in Figure 3c , was found to be the most stable configuration for adsorption of the Pt dimer on the PAH surface, 17 it is not the most favourable adsorption site for a CO molecule. The high electron density and negative partial charge on the upper Pt atom at the perpendicular Pt dimer, increase the repulsion between the 5σ orbital of the CO molecule and the s-d orbitals of the Pt atom and consequently decrease the strength of the Pt−CO interaction. This repulsion is consistent with the direction of the dipole moment of the CO molecule with a small partial atomic charge on the C atom. Thus, CO adsorption becomes weaker for the atop site on the upper Pt adatom. In comparison with the other configurations ( Table 3) and with the free Pt dimer (Tables 1), the relatively large value (2052.5 cm −1 ) for ν CO , reflects a weaker Pt−CO interaction. The C−O bond distance is calculated to 1.158Å for this configuration. The second stable structure is the configuration in Figure 3d , where CO molecule is adsorbed on the bridge site of the perpendicular Pt dimer. The positive partial charge on the Pt atom bonded to the PAH surface, facilitates the electron transfer from the 5σ orbitals of the CO molecule to the 5d orbitals of the Pt adatom by σ -donation, and as seen from orbital population analyses (Table 4) , some of the electron densities on the upper Pt atom is transferred to the anti-bonding 2π * orbitals of the CO molecule by back donation. The C−O bond distance and the ν CO for this structure are calculated to 1.185Å and 1843.4 cm −1 , respectively.
Another structure that we considered is the configuration in Figure 3e , where the CO molecule is adsorbed on the atop site of the parallel Pt dimer. Due to repulsion between the localized electron density on the O atom and the de-localized π electrons of the PAH surface, the CO molecule is tilted out from the surface and form a bent structure in relation to the Pt dimer. The Pt atom in contact with the CO molecule is slightly moved away from the surface due to interaction with the CO molecule. The Pt−PAH distance is calculated to 2.13Å for the Pt adatom bonded to the PAH surface. The ν CO frequency is calculated to 2021.1 cm −1 , indicating a stronger interaction between Pt−CO as compared to the atop structure in the substrate-free Pt dimer. The C−O bond distance is calculated to 1.162Å. The results presented in Table 3 indicate that the CO adsorption for the bridge structures of the supported Pt dimer (Figures 3b and 3d) are stronger than for the atop structures (Figures 3c and 3e) . This in agreement with the results from substrate free Pt dimer (Tables 1). The CO adsorption energy for the singlet state of the configurations in Figures 3b, 3c , 3d and 3e are calculated to −3.33, −1.69, −3.21 and −3.11 eV, respectively. Moreover, in comparison with the substrate-free Pt dimer (Tables 1), the adsorption energy for the CO binding to the Pt adatom far from the PAH surface (Figure 3c ) is weaker and it is stronger when CO is adsorbed on Pt atoms connected to the PAH surface. Therefore, it can be concluded that the PAH substrate significantly enhances the catalytic activity of the Pt adatoms for activating the CO molecule, where the reason is twofold: the positive partial charge on the Pt adatoms, due to interaction with the PAH surface, reduces the repulsion between the 5σ orbitals of the CO molecule and the s-d orbitals of the Pt atom and facilitates the σ -donation from the 5σ orbitals of the CO molecule to the 5d orbitals of the Pt atoms. Secondly, the donation capability of electrons from the π orbitals of the PAH substrate enhances the back donation to the 2π * orbitals of the CO molecule. This is also corroborated by the fact that the CO molecule is a strong π−acid. Cavallo et al. illuminated the key role of the π−acid CO ligand for promoting the reactivity of the Ru−olefin metathesis catalyst. 84 We also investigated the changes in the spin state and electronic structure of the PAH-supported Pt atom and dimer due to adsorption of the CO molecule. As shown in Figure 4 , the spin ground state of the CO−Pt 2 /PAH complex is the singlet state, and the triplet state is higher in energy for all configurations. The change from a triplet ground state to a singlet ground state due to interaction with the CO molecule was discussed above for the CO−Pt 2 complex. The spin multiplicity has a Table 3 Results for the CO adsorption on the Pt n /PAH (n = 1, 2) with configurations according to Figure 3 . The CO adsorption energy, E ads , the height of the Pt atom with respect to the averaged z coordinates of the C atoms in the PAH molecule, d Pt−PAH , the distance between the Pt atom and the C CO , d Pt−C , the CO bond length, d C−O , the vibrational stretching frequency of CO, ν CO , the Hirshfeld atomic charge of Pt atoms, and the calculated < S 2 > values for different spin multiplicities (2S + 1) of the CO−Pt n /PAH (n =1, 2) complexes are given. The values in parentheses for the configurations c, d, and e are the atomic charges related to the Pt atoms further from the PAH surface. large effect on structural, electronic and vibrational properties of the CO−Pt 2 /PAH complex. At all adsorption configurations, changing the spin state from the singlet state to the triplet state, accompanied with changing the orbital population in the Pt adatoms, in which the population of outer shells (6s and 6p) is increased ( Table 4 ). The Pt−CO interaction is, therefore, quenched due to increasing the Pauli repulsion between the 6s − p states of the Pt adatom and the lone-pair 5σ orbitals of the CO molecule, and consequently the adsorption energies become weaker for the triplet state. The C−O bond distances are also shorter for the triplet state as compared to the singlet state. The degree of spin contamination is checked by comparing the expectation value, < S 2 >, with the ideal value, S(S+1), as seen in Tables 1 and 3 . A small deviation of < S 2 > from the ideal value confirms the good performance of the S12g functional for studying spin states of transition metal complexes. 32, 38 The results of the Mulliken population analysis for various atoms at the CO−Pt n /PAH complexes are shown in Table 4 . Comparing the orbital populations of the supported Pt atom and dimer and the CO molecule before and after adsorption, gives us the characteristic features of bonding between the CO molecule and the supported Pt atom and dimers. For all configurations, as for the substrate-free Pt atom and dimer, the population of the 2s orbital of the carbon atom is decreased due to donation of electrons to the 5d orbitals of the Pt atom, while the orbital population of the 2p orbitals of the carbon atom is increased because of back donation from 5d orbitals of the Pt adatoms to the 2π * orbitals of the CO molecule. Moreover, increasing the population of the s and p orbitals of the oxygen atom as compared to the free CO molecule indicates a polarization of the C−O bond after adsorption on the supported Pt atom and dimer.
To highlight the impact of the PAH support on adsorption of the CO molecule, it is worth comparing the orbital populations and the amount of electron transfer to/from the CO molecule on the substrate-free and carbon-supported Pt dimer. For example, in the most stable configuration of the CO−Pt 2 /PAH (Figure 3b ), the net amount of electron transferred from the 2s orbitals of the C atom to the 5d orbitals of the Pt atoms is 0.43e, and the back donation from the 5d orbitals of the Pt atoms to the anti-bonding 2π * orbitals of the C atom is 0.54e, while for the most stable structure of the CO−Pt 2 complex (bridge structure), the corresponding values are 0.45e and 0.46e, respectively. Hence the net amount of electron transfer to the anti-bonding 2π * orbitals of the CO molecule is higher in the carbon-supported Pt dimer than for the substrate-free Pt dimer which is also reflected in a lower vibrational frequency and a larger C−O bond distance for the CO−Pt 2 /PAH complex. This is showing the significant contribution from the PAH support on the adsorption of the CO molecule by enhancing the back donation of electrons to the 2π * orbitals of the CO molecule. Moreover, comparing the partial Hirshfeld charges on the carbon atoms in the PAH connected to the Pt adatoms, before and after adsorption of the CO molecule, results in a small transfer of electrons from the carbon support to the Pt adatoms. For example, for the configuration in Figure 3b , the partial charges for the carbon atoms connected to the Pt adatoms were −0.024e, while this value changed to −0.011e, after adsorption of the CO molecule. Generally, the additional bonds from the Pt atoms to the PAH support may reduce the under-coordination, which is responsible for the surprisingly high reactivity of the atom-type Pt catalysts. 4, 85 However, donation capability of electrons from the π orbitals of the PAH substrate, enhances the back donation of electrons to the 2π * orbitals of the CO molecule and strengthens the Pt−CO interaction. Sun et al.
reported that the atom-type Pt catalyst on graphene surface exhibit higher activity (up to 10 times) for methanol oxidation and superior CO tolerance than the conventional Pt/C catalyst. 4 Using X-ray absorption fine structure analyses, they showed that the low-coordination and partially unoccupied densities of states of the Pt 5d orbitals are responsible for the excellent performance. Therefore, CO adsorption energy on atom-type Pt catalysts is generally greater than that on Pt particles and their corresponding extended surfaces. 86, 87 We also investigated the CDD for all configura- tions of the CO−Pt 2 /PAH complex ( Figure 5 ). The strong variation in the charge density at the interface is due to the interaction with the PAH surface. The iso-surfaces show enhancement of charge density (blue map) around the Pt−PAH and the Pt−C bonds. There is also an accumulation of charge density on the oxygen atom and a depletion of charge density (red map) on the C atom of the CO molecule. A red iso-surface surrounding the PAH substrate indicates a depletion of the charge density on the π orbitals of the PAH surface when the CO molecule adsorbes. This observation is corroborated by the Mulliken population analysis (Table 4 ). Figure 6 shows the DOS plots from different configurations of the CO−Pt 2 /PAH complex. For all configurations, the energy levels of the CO molecule are significantly shifted due to adsorption to the Pt 2 /PAH, and the new states appearing below the Fermi level correspond to relocation of electrons to the 2π * anti-bonding orbitals of the CO molecule. These states were also present in the DOS plots of the CO molecule interacting with the substrate-free Pt dimer, but here the states are shifted slightly upward due to interaction with the PAH orbitals, and the peaks are larger indicating that more electrons are relocated to the 2π * orbitals of CO molecule. This clearly illustrates the influence of the PAH support on the CO activation and it is consistent with the results from the Mulliken population (Table 4) and the vibrational stretching frequencies ( Table 3) . The DOS spectrums show that the 5d orbital of the Pt adatom and the 2π * orbital of the CO molecule, which are mainly responsible for the Pt-CO interaction, are in the same energy scale below the Fermi level and the strength of the Pt−CO interaction depends on the strength of the overlap between these states. The vertical red line in each panel is drawn as a guide to the eye to show the hybridization between 5d and 2π * orbitals. For example, the DOS plots in Figures 6a and 6b correspond to the most and the least stable configurations (Figures 3b  and 3c, respectively) for the CO−Pt 2 /PAH complexes, where the amount of overlap between the 5d and 2π * orbitals are the largest and the smallest, respectively. Moreover, the amount of contribution from the Pt 6s , which is a source of the repulsion with the 5σ orbitals of the CO molecule, in the hybridization below the Fermi level, are again the smallest and the largest for explained configurations, respectively. Therefore, changing the chemical surrounding of the 5d states by the PAH support leads to significantly change in the hybridization features between 5d and 2π * orbitals and consequently in the adsorption characteristics of the CO molecule.
Conclusions
Density functional theory calculations were used to characterize the influence of carbon support on adsorption of the CO molecule on the Pt atom and dimer. CO adsorption energies have been calculated for different configurations on the PAH-supported and substate-free Pt atom and dimer. The results have been discussed based on the adsorption sites, molecular orbital populations, vibrational frequencies, charge transfer in terms of partial atomic charges, charge density differences and the projected density of states. Our results show that the presence of the PAH surface changes the electron density distribution around the Pt adatoms since the carbon support enhances the back donation of electrons to the 2π * orbitals of the CO molecule and consequently enhances the catalytic activity of the Pt adatoms in contact with the PAH surface as compared to the substrate-free Pt atoms. Hybridization between the π orbitals of the PAH surface and the d orbitals of the Pt adatoms is responsible for this effect which results in a larger peak below the Fermi level for the 2π * states of the CO molecule in the corresponding DOS plots. While the high electron density and the partial negative charge on the Pt atoms not directly bonded to the PAH surface, increase the repulsion between the 5σ orbital of the CO molecule and the s-d orbitals of the Pt adatom and consequently reduces the Pt−CO interaction. This results in a higher vibrational stretching frequency for the CO molecule, compared to the substrate-free Pt atoms, and a smaller peak below the Fermi level for the 2π * states of the CO molecule in the corresponding DOS plots. Therefore, changing the chemical surrounding of the 5d states of the Pt atoms by the PAH support leads to significantly change in the hybridization features between 5d and 2π * orbitals and consequently in the adsorption characteristics of the CO molecule. By further modulating the electron density of the carbon support (by adding defects, dopants, edge functional groups, etc.), one may design the catalytic activity of the atom-type Pt catalysts. 
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